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A B S T R A C T
Whole genome sequencing was performed on three samples of four ﬁnger threadﬁn Eleutheronema tetradactylum
(KET25, KET29 and KET30) using illumina NextSeq500 platform using 2×150 bp chemistry. 8,390,317,
7,085,775 and 8,461,589 high quality reads were obtained after trimming low quality reads and adapter se-
quence. These high quality reads obtained were used for de novo assembly and obtained a number of scaﬀolds.
From these scaﬀolds of vast sequenced data, we were able to identify 60246, 46107 and 60907 Simple Sequence
Repeats (SSR) markers in KET25, KET29 and KET30 respectively, which will be useful in population genetic
analysis and other diversity studies in Indian salmon. The gene prediction on assembled scaﬀolds predicted
31,943 genes for KET25; 26,487 genes for KET29 and 31,654 genes for KET30 with average gene size of 458bp,
424bp and 459bp respectively. A total of 30,209, 25,107 and 29,943 genes were annotated against the NCBI Nr
database for the samples respectively. E. tetradactylum is a commercially important ﬁsh species for many
countries. This is the ﬁrst report on the identiﬁcation of genomic SSR markers in E. tetradactylum using NGS
technology. This study provides an insight of baseline knowledge of the genome sequence of Indian salmon for
future studies.
1. Introduction
NGS technologies are making a notable footprint on many areas of
biology, including the genetic diversity in populations [1]. NGS is not
only a simple genome sequencing method, but have greatly beneﬁcial
to the ﬁelds of biology, epidemiology, evolutionary biology, phyloge-
netics, comparative genomics, microbial diversity, DNA marker dis-
covery and studies of gene function and expression [2]. NGS technol-
ogies have radically changed the way genetic sequence data are
generated and have accelerated a revolution in biological research [3].
Recent developments in NGS technologies have sophisticated the rapid
and economical discovery of molecular markers from non-model or-
ganisms [4]. Recent developments in sequencing technology, short read
sequencers (90–400 bp), such as Illumina and Ion Torrent, are starting
to be more frequently used for the generation of large NGS data sets,
with aﬀordable price range [5]. NGS has enabled the rapid and cost
eﬀective genetic marker discovery, including microsatellites and SNPs
and has empowered the massive increase in the number of sequence
attained per sequencing eﬀort and also led to the development of high-
output genotyping by sequencing [6]; Davey et al., 2011 and [7].
The vast and huge sequencing data generated through NGS tech-
nology and whole genome sequencing enables the development of
molecular markers for population genetics, molecular systematics,
evolutionary developmental biology and gene mapping studies.
Population genetics rely essentially on two types of genetic markers;
microsatellite markers or short tandem repeats (STRs) and single-nu-
cleotide polymorphisms (SNPs). Microsatellites have been used widely
since the late eighties for applications such as parentage analysis, po-
pulation genetic structure and conservation genetics because of their
high level of polymorphism (allelic richness), higher mutation rate,
relatively small size and higher statistical power per locus (rapid ana-
lysis protocol) [8,9]. Microsatellites, also known as SSRs, are tandem
repeated motifs of 1–6 bases and serve as the most important molecular
markers in population and conservation genetics, molecular epide-
miology and pathology and gene mapping. Majority of population ge-
netic studies in marine ﬁsheries have employed microsatellites, due to
its high mutation rate which may results in extremely high level of
variation in marine ﬁsh [10]. The development of suitable molecular
markers would favour studies of wild population structure that will
ﬁnally result in improved broodstock selection [11].
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Microsatellites generally require species-speciﬁc marker develop-
ment that can be expensive and laborious and limited by the diﬃculties
of de novo development in species without any prior genomic in-
formation [12,13]. Other problems analogous with microsatellites in-
clude poor level of inter-laboratory calibration with genotype based on
fragment size, fragment size-homoplasy and laborious genotyping [14].
Many of these issues associated with microsatellite based population
studies could be eliminated using NGS based microsatellite approach
leading to faster and cheaper genotyping in large-scale population ge-
netic studies [15]. The use of microsatellites will only outweigh the use
of SNPs if microsatellites can be generated from NGS platforms and
used with programs such as MEGASAT [16] for genotype calling.
Eleutheronema tetradactylum or four ﬁnger threadﬁn commonly
known as blue threadﬁn also called Indian salmon, is a marine pro-
tandrous hermaphrodite species [17] belong to the family polynemidae,
and they are distributed in tropical and subtropical waters throughout
the world. They are generally found in coastal marine waters, estuaries
or rivers in the tropics [18]. They mainly feed on small ﬁshes, prawns,
shrimps and mysids and adult ﬁsh prey on other ﬁshes [18]. In Western
Australia they are considered fully or over-exploited [19,20]. Stock
structure analysis of blue threadﬁn in Australia using parasite and tag-
recapture data [21] and by comparing the life history parameters [22]
suggests the possibility of separate sub-stocks. There is limited in-
formation about the genetic stock structure of this commercially im-
portant ﬁsh species from Indian waters. As E. tetradactylum is com-
mercially important species of the region, it is very essential to utilize
the ﬁshery in a sustainable manner.
Here we present the microsatellite identiﬁcation, gene ontology and
functional gene annotations for a hermaphroditic species Indian salmon
through NGS technology using Illumina platform. The microsatellite
markers identiﬁed through this NGS technology herein oﬀer important
genetic resources for the assessment, understanding and conservation of
this hermaphroditic species and facilitate future work on the other re-
lated species.
2. Materials and methods
2.1. Sampling and DNA isolation
Fresh samples of 6 Indian salmon were collected from commercial
ﬁshing operations from Indian waters. Each ﬁsh was measured for Total
Length (TL) to the 1.0mm below and total body weight to the nearest
0.01 g. The body cavity was dissected out to assess sex and maturity. A
piece of tissue was excised from caudal peduncle of each specimen and
stored at 4 °C in absolute ethanol. Total genomic DNA was extracted
from 10mg of tissue from each ﬁsh using a chloroform/isoamyl alcohol
protocol. Extracted DNA was quantiﬁed on a NanoDrop ND-1000
spectrophotometer and was stored at−20 °C until further use. Isolated
genomic DNA was sent to the Euroﬁns Genomics India Private limited
(Bangalore, India) for library preparation and sequencing.
2.2. Qualitative and quantitative analysis of isolated gDNA
Quality of the ﬁsh muscle gDNA was checked on NanoDrop and 2 μl
of DNA was resolved on 0.8% Agarose gel at 120 V for approximately
60min or until the samples reached 3/4th of the gel. 1 μl of sample was
loaded in NanoDrop for determining A260/280 ratio and also quanti-
ﬁed by Qubit 3.0. All the DNA samples passed the QC and of these three
samples (KET25; KET29 and KET30) were randomly selected for paired-
end sequencing library preparation.
2.3. Preparation of 2× 150 NextSeq500 libraries
The paired-end sequencing libraries were prepared from the QC
passed gDNA samples (KET25; KET29 and KET30) using TruSeq Nano
DNA library Prep Kit (Illumina, San Diego, CA). 200 ng of Genomic
DNA from the three samples was fragmented by Covaris M220 (Covaris,
Woburn, MA) to generate a mean fragment distribution of 400bp. The
focussed ultrasonic shearing using Covaris generates dsDNA fragments
with 3′ to 5′ overhangs. The fragments were then subjected to end-
repair. This process converts the overhangs resulting from fragmenta-
tion in to blunt ends using End Repair Mix. The 3′ to 5′ exonuclease
activity of this mix removes the 3′overhangs and the 5′ to3′ polymerase
activity ﬁlls in the 5′ overhangs followed by adapter ligation to the
fragments. This strategy ensures a low rate of chimera formation. The
ligated products were size selected using AMPure XP beads (NEB,
Ipswich, MA). The size selected product range between 478bp to 492bp
was PCR ampliﬁed with the index primer. Indexing adapters were li-
gated to the ends of the DNA fragments, preparing them for hy-
bridization on to a ﬂow cell.
2.4. Quality check (QC) of library, cluster generation and sequencing
The PCR ampliﬁed libraries were analysed on Tape Station 4200
(Agilent Technologies) using High sensitivity D1000 Screen Tape assay
kit as per manufacturer instructions. After obtaining the Qubit con-
centration for the libraries and the mean peak size from Agilent Tape
Station proﬁle, the PE illumina libraries were loaded onto NextSeq 500
for cluster generation and sequencing. Paired-End sequencing allows
the template fragments to be sequenced in both the forward and reverse
directions on NextSeq 500. The kit reagents were used for binding of
samples to complementary adapter oligos on paired-end ﬂow cell. The
adapters were designed to allow selective cleavage of the forward
strands after re-synthesis of the reverse strand during sequencing. The
copied reverse strand will then use to sequence from the opposite end of
the fragments.
2.5. Statistical analysis
The sequenced raw data was processed to obtain high quality clean
reads using Trimmomatic v0.35 to remove adapter sequences, ambig-
uous reads (reads with unknown nucleotides “N” larger than 50%), and
low-quality sequences (reads with more than 10% quality threshold
(QV) < 20 phred score). A minimum length of 75 nucleotide after
trimming was applied. After removing the adapter and low quality se-
quences from the raw data, 8,390,317 (2×150bp), 7,085,775
(2×150bp) and 8,461,589 (2×150bp) high quality reads were re-
tained for KET25, KET29 and KET30 samples respectively. This high
quality (QV > 20), paired-end reads were used for de novo assembly of
all the samples.
Table 1
Summary of gene Assembly in E. tetradactylum.
Description KET25 KET29 KET30
Number of scaﬀolds 289,461 280,260 289,650
Total size of assembly 301,704,044 263,802,638 306,253,351
Average size of scaﬀolds 1042 941 1057
Scaﬀold N50 1157 1001 1180
Maximum size of scaﬀold 16,681 17,051 16,622
Minimum size of scaﬀold 500 500 500
Table 2
Gene statistics in three samples of E. tetradactylum.
Description KET25 KET29 KET30
Number of genes 31,943 26,487 31,654
Average gene length 458 424 459
Maximum gene length 5070 5493 4848
Minimum gene length 201 201 201
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2.6. De novo assembly and scaﬀolding
The ﬁltered high quality reads of the KET25, KET29 and KET30
samples were assembled in to scaﬀolds using CLCGENOMICS
workbench v.9.5. The pre-assembled scaﬀolds were further assembled
in to scaﬀold using SSPACE v.3.0 (SSAKE-based scaﬀolding of pre-as-
sembled contigs after extension).
Fig. 1a. Top Hit Species distribution in E. tetradactylum (Sample-KET25).
Fig. 1b. Top Hit Species distribution in E. tetradactylum (Sample-KET29).
Fig. 1c. Top Hit Species distribution in E. tetradactylum (Sample-KET30).
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2.7. Gene prediction
AUGUSTUS (V.3.2.2) was used to predict genes from the assembled
scaﬀolds with default parameters and Danio rerio was used as the model
species.
2.8. Functional annotation of genes and gene ontology
The predicted genes of samples KET25, KET29 and KET30 were
searched against NCBI non redundant protein (Nr) database using basic
local alignment search tool (BlastX). Gene ontology (GO) annotations of
the genes were determined by the Blast2GO programs. GO mapping was
carried out in order to retrieve GO terms for all the BlastX functionally
annotated genes. BlastX result accession IDs are used to retrieve gene
names or symbols, identiﬁed gene name or symbols are then searched
in the species speciﬁc entries of the gene-product tables of GO database.
2.9. Simple sequence repeat (SSR) and polymorphic SSR identiﬁcation
The potential SSRs from three individual assemblies (KET25; KET29
and KET30) were identiﬁed as ranging from dinucleotide motifs with a
minimum of ten repeats, tri nucleotide motif with minimum of three
repeats, tetra, penta and hexa nucleotide motifs with a minimum of ﬁve
repeats. A maximum distance of 200 nucleotides was allowed between
two SSRs.
The scaﬀolds from three individual assemblies (KET25_Scaﬀold.fa,
KET29_Scaﬀold.fa and KET30_Scaﬀold.fa) were clustered using CD-HIT
v4 to generate a comprehensive reference. SSR prediction was done
from the clustered reference assembly using MIcroSAtellite
Identiﬁcation Tool (MISA v1.0). Then we used PSR_read_retrieval script
for identiﬁcation of Polymorphic SSR Count based on reads mapping to
the SSR region. The consensus sequence was called for each individual
samples using high quality reads of KET25; KET29 and KET30 mapped on
reference assembly.
3. Results and discussion
Whole genome sequencing was performed on three samples of
Indian salmon (E. tetradactylum) (KET25, KET29 and KET30) using illu-
mina NextSeq500 platform using 2× 150 bp chemistry. 8,390,317,
7,085,775 and 8,461,589 high quality reads were obtained after trim-
ming low quality reads and adapter sequence. These high quality reads
obtained after the trimming were used for de novo assembly and ob-
tained 289,461; 280,260 and 289,650 scaﬀolds for KET25, KET29 and
KET30 samples respectively. The detailed assembly statistics are pro-
vided in Table 1. The gene prediction on assembled scaﬀolds predicted
31,943 genes for KET25; 26,487 genes for KET29 and 31,654 genes for
KET30 with average gene size of 458bp, 424bp and 459bp respectively.
Predicted gene statistics are provided in Table 2.
A total of 30,209, 25,107 and 29,943 genes were annotated against
the NCBI Nr database for the samples respectively. The majority of
sequence similarity hits were found to be against the Larimichthys crocea
(large yellow croaker) followed by Stegastes partitus (bicolor damselﬁsh)
for KET25, KET29 and KET30 samples (Fig. 1a, b & c). Gene annotation
distribution statistics are provided in Table 3. From the gene ontology
(GO) analysis, 4,068, 3616 and 4182 genes were annotated for the
given samples respectively. Summary of gene ontology annotations are
provided in Table 4. GO assignments were used to classify the functions
of the predicted genes. The GO mapping also provides ontology of de-
ﬁned terms representing gene product properties which are grouped in
to three main domains such as biological process, molecular function
and cellular component (Fig. 2a, b& c). The GO category with the
highest number of terms assigned biological processes, followed by
cellular component while molecular functions had the least contigs
Table 3
Gene Annotation Distributions in three samples of E. tetradactylum.
Sr. No Sample
Name
No. of
genes
No. of genes with
Blast Hit
No. of genes without
Blast Hit
1 KET25 31,943 30,209 1734
2 KET29 26,487 25,107 1380
3 KET30 31,654 29,943 1711
Table 4
Summary of Gene Ontology annotations in three samples of E. tetradactylum.
Sr. No Sample
Name
Biological
Processes
Molecular
Functions
Cellular
Component
1 KET25 2980 3223 2459
2 KET29 2633 2866 2264
3 KET30 3054 3355 2647
Fig. 2a. WEGO plot showing the Gene Ontology distribution in E. tetradactylum (sample - KET25).
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assigned terms. The most commonly assigned GO terms in the biolo-
gical processes GO category were the genes involved in cellular process
and metabolic process. Intracellular and intrinsic components of
membrane, were the most commonly assigned terms for the Cellular
component GO category. The most commonly assigned GO terms for
molecular function component were ion binding, catalytic and trans-
porter respectively.
SSRs, also known as microsatellites, are tandem repeated motifs of
1–6 bases which are profusely dispensed across genomes and demon-
strate high levels of allele polymorphism [11]. They serve as the most
important molecular markers in population and conservation genetics,
molecular epidemiology and pathology, and gene mapping. SSRs were
detected using Microsatellite identiﬁcation tool from assembled scaf-
folds. The potential SSRs were identiﬁed as ranging from dinucleotide
motifs with a minimum of ten repeats, tri nucleotide motifs with
minimum of three repeats, tetra, penta, and hexa nucleotide motifs with
a minimum of ﬁve repeats. A maximum distance of 200 nucleotides was
allowed between two SSRs. Out of 289,461 scaﬀold sequences ex-
amined in KET25 sample, 60,246 SSRs were identiﬁed. In KET29 sample,
out of 280,260 scaﬀolds examined, 46,107 SSRs were identiﬁed. The
Fig. 2b. WEGO plot showing the Gene Ontology distribution in E. tetradactylum (sample- KET29).
Fig. 2c. WEGO plot showing the Gene Ontology distribution in E. tetradactylum (sample-KET30).
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SSR prediction statistics are represented in Table 5 In KET30 sample, out
of 289,650 scaﬀolds examined, 60,904 SSRs were identiﬁed. 23,983,
17,693 and 24,033 validated SSRs were obtained based on ﬂanking
sequence for KET25, KET29 and KET30 samples respectively. Based on
common in silico validated SSR we have identiﬁed 1695 polymorphic
SSR.
NGS methods can be used to address new and long-standing ques-
tions previously hindered by technological and ﬁnancial limitations
[2]. Microsatellite loci remain one of the most popular options for po-
pulation genetic studies. The accessibility and throughput of NGS
technologies has entitled the rapid and eﬃcient microsatellite discovery
by providing a greater amount of DNA sequencing reads at lower costs
compared to other techniques (Irias et al., 2013). Massive and vast
amounts of sequence data for a single or multiple individuals in a single
run, low sequencing cost per base, reduction of the role of cloning and
polymerase chain reaction (PCR) and, thus, reduced bias in resulting
sequences; and the ability to identify rare variant sequences rather than
a single sequence are the beneﬁts of NGS technology when compared to
the conventional capillary based sequencing [2]. NGS tools are also
valuable for the discovery, validation and assessment of genetic mar-
kers in populations (Davey et al., 2011).
Accurate de novo assembly is critical for NGS projects in non-model
organisms. The NGS and mining of the E. tetradactylum genome helped
in identiﬁcation of thousands of SSR markers. This vast sequenced data
obtained by the de novo assembly and scaﬀolding can be used for de-
veloping polymorphic microsatellite markers and which will be useful
in population genetic analysis and genotyping and conservation stra-
tegies in Indian salmon. The functional gene annotations and gene
ontology results are useful for further gene expression studies in E.
tetradactylum.
Here, we provide a gateway for the ﬁshery biologist by providing
NGS data to make such methods more broadly applicable and potential
applications in several subﬁelds of ﬁshery biology. The vast data gen-
erated here in this study through NGS technology will be useful for the
microsatellite marker development, gene expression studies, gene
mining for novel genes and other related studies in this low volume
high value species.
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